A whitefly-transmitted disease of watermelon had been reported from Yemen and its causal agent was described as Watermelon chlorotic stunt virus (WmCSV), a member of the geminivirus family (5, 54) .
Members of the family Geminiviridae are plant pathogens with circular, single-stranded DNA genomes encapsidated in twin particles comprising the genera Mastrevirus, Curtovirus, and Begomovirus (41) . They are differentiated based upon genome organization and insect vector specificity (20, 29) . Most begomoviruses have a bipartite genome that consists of a DNA-A and a DNA-B component. Notable exceptions are the tomato (yellow) leaf curl viruses from the Near East, the Mediterranean Basin, Australia, and India whose genome is monopartite (14, 27, 35 ) (GenBank no. U38293). Irrespective of their genome size and segmentation, all begomoviruses are transmitted by the whitefly Bemisia tabaci (Gennadius).
Between 1993 and 1996, severe outbreaks of a whitefly-transmitted disease occurred in cucurbit-growing regions of the central and eastern Sudan, affecting both watermelon (Citrullus lanatus (Thunb.) Matsum. & Nakai) and melon (Cucumis melo L.) (12, 30) . Also, the watermelon and melon cultures of the southern provinces of Iran (Bushehr, Hormouzgan, and SistanBalouchistan) were severely infected with a whiteflyassociated virus, and the plants had symptoms similar to those described for WmCSV (4) .
In order to identify and further characterize the pathogen causing the watermelon and melon diseases in the Sudan and in southern Iran, samples were analyzed by electron microscopy, serology, and DNA hybridization. Here, we describe the molecular characterization of WmCSV, an Eastern Hemisphere geminivirus with a bipartite genome. Furthermore, transmission assays by B. tabaci of the virions derived from cloned DNA in combination with targeted mutagenesis revealed a molecular determinant in the viral capsid protein essential for whitefly transmissibility.
Restriction endonucleases that cleaved the amplified DNA only once were used to clone full-length genomic DNAs of WmCSV from total DNA preparations, using the amplified DNA, labeled by 32 P, as a probe. WmCSV DNA-A was linearized by HindIII and inserted into the corresponding site of pUC118 (pWmCSV-AHind-11) as described by Kheyr-Pour et al. (27) . Three independent clones of WmCSV DNA-B were constructed in the XbaI site and two in the PstI site of pUC118. One DNA-A clone (pWmCSV-AHind-11) and one DNA-B clone (pWmCSV-B-Xba-59) were used for infectivity assays by agroinoculation, and the sequences of the WmCSV DNAs were determined.
To clone the DNA-A of WmCSV from Iran, a PCR-amplified fragment by primers WTG-BsiWI-(v) and WTG-BsiWI-(c) ( Table 1) was partially sequenced, and two complementary oligonucleotide primers overlapping a unique XbaI site were used to amplify and clone the full-length DNA-A of WmCSV-Ir in pUC118 (pWmCSV-A-Xba-28). Similarly, a DNA-B fragment was amplified and partially sequenced, and a complete DNA-B copy was cloned via a unique SmaI site in pUC118 (pWmCSV-B-Sma-23).
DNA sequence determination. The DNA sequences of the cloned WmCSV DNAs were determined by cycle sequencing using the fluorescent dye dideoxy chain terminator technology and an Applied Biosystems 373A sequencer (Perkin-Elmer Applied Biosystems, Corp., Foster City, CA) (53) . Sets of nested-deletion mutants between restriction sites in the WmCSV DNA and the polylinker of pUC118 were constructed and served as sequencing templates. Regions of the genome whose sequence could not be determined this way by the universal and reverse sequencing primers were subcloned or were sequenced using synthetic primers. The DNA sequence of both strands was covered by several independent reads, and the UWGCG sequence analysis package was used to assemble and analyze the sequences (13) .
Construction of WmCSV mutants. Site-directed mutagenesis was performed using synthetic oligonucleotides and the Quikchange mutagenesis kit (Stratagene Inc., La Jolla, CA). The respective mutagenic primers are listed in Table 1 . The mutations introduced were identified by restriction endonuclease digests (where possible) and confirmed by sequencing.
To convert the whitefly-nontransmissible WmCSV into a transmissible virus, primers AV1-D131N-(v/c) ( Table 1) were used to change nucleotide 706 (G) in DNA-A of WmCSV-Sd into A. This change alters aspartate 131 of the capsid protein to asparagine (D131N). The change was introduced into plasmid pWmCSV-AHind-11 and identified by sequencing.
Open reading frame (ORF) AC4 of WmCSV terminates early after amino acid 47 by a TGA codon. To suppress the termination codon, two complementary oligonucleotides (Table 1) were used to alter G2330 into C, creating a serine codon at position 48 of ORF AC4 in plasmid pWmCSV-A-Hind-11. The nucleotide change introduced an AatII restriction site; sequencing confirmed its correctness.
A triple-termination mutation in the putative ORF AC5 was created by PCR-based mutagenesis directly on plasmid pWmCSV-A-Hind-11. Three pairs of oligonucleotides (Table 1) spanning the codons R32, G76 (suppressing an NdeI site), and R146 (suppressing a BsiWI site) of AC5, and altering each of them into a TGA codon, were used. All changes were confirmed by sequencing.
DNA-B of WmCSV from the Sudan has an uncommon ORF, BV2. It was mutated by filling in a unique XhoI site with a Klenow fragment of polymerase I and subsequent ligation of plasmid pWmCSV-B-Xba-59. The correct addition of four nucleotides in ORF BV2 was verified by sequencing. The thus altered ORF BV2 terminates prematurely after a further 37 fortuitous codons.
Agroinoculation assays. Full-length WmCSV DNA-A and DNA-B inserts were released from pUC118 by the restriction enzymes that had been used for cloning. Dimers of the respective WmCSV DNAs were inserted into the binary T-DNA vector pBin19 (7) . The resulting plasmids were transferred into Agrobacterium tumefaciens strain LBA 4404 by electroporation and used for agroinoculation as described (27) . Two watermelon cultivars (Citrullus lanatus cvs. Sugar Baby and Crimson Sweet), melon (Cucumis melo cv. Ananas, and a cultivar from Meshed, Iran), and Nicotiana benthamiana were inoculated as 3-to 4-week-old plants. Symptoms characteristic of the disease developed at about 2 weeks postinoculation.
Whitefly transmission experiments. B. tabaci, biotype B, were reared and handled as described (8) . For virus transmission, insects were allowed to feed for 48 h on watermelon plants cv. Sugar Baby infected by agroinoculation. Subsequently, groups of 15 insects were moved to single watermelon plants of the same cultivar for transmission. Three days later, insects were removed and plants were sprayed with an insecticide mixture of 0.15% acephate (Orthene) and 0.2% buprofezin (Applaud) (SIPCAM SpA, Milano, Italy) and maintained in a whitefly-free greenhouse. Six to eight weeks after inoculation, individual plants were assayed for the presence of viral DNA by leaf squash blotting. Sequence comparison. DNA and protein sequences were compared using the algorithms provided by the UWGCG sequence analysis package (version 10.1; Genetic Computer Group, Inc., Madison, WI). Multiple sequence alignments were done by PileUp (13) or Clustal W (51) using default parameters. Trees were generated and displayed by PAUP (UWGCG version) or PAUP* 4.0 beta version 2a (PPC) (D. L. Swofford, Illinois Natural History Survey, Champaign, IL) using 1,000 bootstrap repeats and a cutoff value of 60%.
Begomoviruses used for DNA-A genome comparisons. Abbreviations of virus names and isolates are according to Fauquet and Mayo (17 Tomato yellow leaf curl virus, Thailand 1 isolate (TYLCV-Th1), X63015; Watermelon chlorotic stunt virus, Iran isolate (WmCSVIr), AJ245652; and Watermelon chlorotic stunt virus, Sudan isolate (WmCSV-Sd), AJ245650.
The curtovirus Beet curly top virus (BCTV-CFH) (U02311) is used as an outgroup in the phylogenetic trees.
RESULTS AND DISCUSSION
Field survey. A comparative survey among samples of diseased cucurbits from the Sudan, collected in 1994, was carried out by DAS-ELISA and dot-blot hybridization. Extracts of 120 samples from cultivated watermelon, melon, snake cucumber (Cucumis melo var. flexuosus), and squash (Cucurbita moschata (Duchesne) Duchesne ex Poir.), and from wild Cucumis melo var. agrestis plants were spotted on a nylon membrane and hybridized with a 32 P-labeled DNA-A probe (Fig. 1) . All samples that reacted positively in DAS-ELISA also reacted with the labeled probe. The intensity of the hybridization signal correlated with the amount of single-stranded viral DNA in the tested material. The 29 positive samples included 14 watermelon, 7 melon, 7 snake cucumber, and 1 wild melon (No. 12). Amounts of viral DNA varied among samples, and no host-specific variation in the virus titer was apparent. Additional field observations in the Sudan during 1995 to 1997 confirmed that WmCSV causes considerable crop losses in extensive commercial melon cultures (13) .
WmCSV DNA also was detected in blotted samples from cucumber, squash, and wild watermelon (Citrullus colocynthis) collected in the Bandar Abbas area (southern Iran), indicating that the virus was present in most cultivated cucurbits tested. Numerous tomato samples collected in the Sudan did not contain WmCSV, and repeated agroinoculation assays of tomato by cloned WmCSV DNA-A and DNA-B failed to cause any infection (12) . Apart from the permissive host N. benthamiana, only cucurbits have been found to be a host of WmCSV.
Agroinfectious clones of WmCSV. By applying degenerate consensus primers (Table 1) , we amplified the DNA-A of WmCSV and used it as a probe for cloning the complete DNA-A of the virus isolates from central Sudan and southern Iran. Specific probes of the common region in conjunction with diagnostic restriction endonuclease digests served to identify and clone the respective DNA-B components of the two isolates.
Complete genomic clones of WmCSV from both the Sudan (pWmCSV-A-Hind-11, pWmCSV-B-Xba-59) and from Iran (pWmCSV-A-Xba-28, pWmCSV-B-Sma-23) were sequenced ( Fig.  2 ; Table 2 ). Their infectivity and bipartite nature were proven by agroinoculation of watermelon, melon, and N. benthamiana (Table 3) .
Genome organization and sequence comparison. The DNAAs of the WmCSV isolates from the Sudan and from Iran consisted of 2,753 or 2,752 nucleotides (nt), respectively. DNA-B of 
AC, the first base of viral (+)-strand DNA synthesized after replication initiation by the Rep protein (28) . A short stretch of 30 bases (nt 69 to 99) is missing in the right part of the intergenic region of DNA-B of the Iran isolate (Fig. 3) . The overall sequence identity between the Sudan and Iran isolates is 98.3% for DNA-A and 95.5% for DNA-B. The common region has a length of 131 bases with 22 base differences. It has the typical inverted repeat sequence (hairpin) including the conserved nonanucleotide. Of particular interest is a one-nucleotide difference in the stem sequence of the hairpin between DNA-A and DNA-B, found in both WmCSV isolates. The sequence in the stem of DNA-B (GGCC) is the same as in all other whitefly-transmitted geminiviruses sequences available in the databases, whereas DNA-A has the sequence GCCC at this position (Fig. 3) . Hence, WmCSV represents a natural example of hairpin polymorphism between DNA-A and DNA-B, similar to the artificial replication proficient hairpin mutants constructed by Orozco and Hanley-Bowdoin (37) .
Three direct repeat sequences of seven bases (iterons) are located at the 5′ end of the hairpin sequence in the left part of the common region (Fig. 3) . These iterons are the presumed recognition sites of Rep protein (1,2,11,18). The sequence identity of the iterons between the two WmCSV isolates is in accordance with the complete conservation of the amino acid sequence of the respective WmCSV Rep protein domains implicated in specific origin recognition (9, 10, 25) . There are only four amino acid differences between the Rep protein of WmCSV-Sd and WmCSV-Ir, M190L, D197E, T336S, and T342A, all located in the central or carboxyterminal part of the protein, outside its origin recognition domain.
A partial sequence of WmCSV from Yemen, 410 bases of the rep gene (GenBank no. X79430), is slightly closer to the sequence of WmCSV-Ir (98% identity) than to that of WmCSV-Sd (96%).
Capsid proteins of WmCSV from the Sudan and Iran are identical. Additional sequence analysis of an independent DNA-A clone, constructed using DNA isolated directly from field-infected watermelon plants originating from Wad Medani, Sudan, the same location where the graft-propagated virus was isolated, revealed an asparagine encoded at amino acid position 131. This strongly suggested that, originally, the capsid gene had coded for a protein leading to a whitefly-transmissible virus. Therefore, the capsid protein sequences of the Sudan and Iran WmCSV isolates are considered identical. This is in contrast to other whitefly-transmitted geminiviruses whose capsid protein sequences usually differing by a few percent within a species. For instance, those of TYLCV isolates from Sardinia, Sicily, and Spain, as well as the ones from the Near East, differ by about 1 to 2%.
Multiple pairwise comparisons of the WmCSV DNA-A nucleotide sequence with that of other whitefly-transmitted geminiviruses currently available in the databases characterized the two WmCSV isolates as typical Eastern Hemisphere geminiviruses (38, 44) . Figure 4 illustrates the relationship of WmCSV DNA-A in the form of a dendrogram. DNA-A sequences of selected Begomovirus species and isolates thereof were aligned using Clustal W (51), and the dendrogram was generated by PAUP (D. L. Swofford, Illinois Natural History Survey). WmCSV groups together with the viruses from Africa, the Near East, and the Mediterranean Basin and with the tomato yellow leaf curl viruses from the Sudan and Iran, with the African cassava geminiviruses being its nearest neighbors. The same relationship holds when the deduced protein sequences of Rep (AC1), AV1, AC2, and AC3 ORFs served as the basis for comparison (data not shown).
The high degree of overall DNA sequence conservation between the two geographic isolates of WmCSV is similar to that of the Nigerian and Kenyan isolates of ACMV, which differ by 3.6% between their DNA-A and 6.2% between their DNA-B (33, 48) . By contrast, isolates of EACMV from Eastern Kenya, Malawi, or Tanzania are more divergent and differ by 13 to 14% in sequence (56) .
The reason for the sequence conservation between the WmCSV isolates from the Sudan and Iran remains unclear. In some way, it resembles the cases in which TYLCVs from the Near East were detected in the Caribbean Basin (46), Spain and Portugal (GenBank no. AF071228), or Japan (26) . Whereas human introduction of infected plant material appears as the cause for the recent occurrence of these TYLCV species in new and distant geographical locations, the reason for the similarity between the WmCSV isolates from the Sudan and Iran cannot be attributed with certainty to human dissemination. In that respect, it is interesting to note that two TYLCV isolates from the same respective locations in the Sudan and Iran differ by 11.7% in their DNA sequence (GenBank no. AJ132711) (B. Gronenborn, unpublished data), significantly contrasting the 98% DNA-A sequence identity of the two WmCSV isolates.
Two other Eastern Hemisphere begomoviruses infecting cucurbits, SLCV-Cn and AnLCV, are geminivirus species distinct from WmCSV; they are part of the Asian cluster of begomoviruses (Fig. 4) .
Three additional (partial) sequences of geminiviruses isolated from watermelon are available in the databases (AF070922, AF065820, and AF065819), one from Nicaragua and two from Texas. The deduced 177 amino acids of the capsid protein identify them as Western Hemisphere squash leaf curl viruses (data not shown).
Atypical ORFs of WmCSV. A longer AC4 ORF does not compensate for the requirement of a DNA-B. Similar to ToLCV from India (ToLCV-NDe1/2) (39) and PHV (52) and unlike the monopartite tomato (yellow) leaf curl viruses, WmCSV has a very short ORF AC4 with a coding capacity of only 47 amino acids. To see whether a longer AC4 protein would have an influence on virus symptoms and movement, we altered the AC4 stop codon into a codon for serine, the amino acid prevailing at this position in most AC4 proteins. The resulting WmCSV DNA-A mutant (WmCSV AC4*48S) with an extended potential AC4 protein was not infectious by itself; coinoculation with DNA-B was still required for infectivity (Table 4) . Also, no obvious effect on symptom severity and disease progression was caused by the WmCSV AC4*48S mutant. Concerning the role of AC4, WmCSV behaves similar to ACMV, in which truncation of an AC4 to 48 codons (16) or the complete knockout by suppression of its ATG codon had no effect on virus infectivity and Rep protein expression (22) . However, the results of TGMV AL4 analyses are less conclusive, as independent genetic analyses mutating AL4 showed that it was not essential for virus replication and infectivity (15, 40) . By contrast, its involvement in the regulation of AL1 (Rep protein) synthesis and in vitro expression were reported in other studies (19, 50) .
Hence, unlike the essential function of C4 protein in the monopartite whitefly-transmitted geminiviruses (TYLCV and ToLCV) (24, 42) , the biological role of a potential AC4/AL4 protein of bipartite geminiviruses including WmCSV still remains elusive.
An ORF AC5 protein is not required for infectivity. The sequence of WmCSV DNA-A revealed a potential ORF of complementary sense (AC5) with a coding capacity of 255 amino acids (Table 2 ). An equivalent ORF is also found in the genomes of several other whitefly-transmitted geminiviruses like ToLCV-In1/2 (39), TYLCVTh (43), ICMV (21) , PHV (52) , and AYVV (49) . Although the expression of a protein encoded by ORF AC5 seemed unlikely, we nevertheless created three TGA termination codons at different positions in the coding sequence, altering codon R36, G76, and R146 into stop codons. The triple-stop mutation was introduced to prematurely terminate any potential protein synthesis beginning at the various ATG codons present in AC5. Agroinoculation of watermelon by the WmCSV AC5 triple-stop mutant led to symptoms indistinguishable from wild-type WmCSV (data not shown). Hence, ORF AC5 appears not to code for an essential protein.
Altering ORF BV2 of WmCSV-Sd has no influence on infectivity. Unlike DNA-B of WmCSV-Ir, DNA-B of WmCSV-Sd encodes an additional ORF with a coding capacity of 103 amino acids, preceding BV1 (Table 2) . A frameshift mutation was introduced at codon 42 of ORF BV2 that caused a premature termination of a potential BV2 protein after a further 37 unrelated amino acids. The resulting WmCSV mutant was still infectious on watermelon, and no modifications of the disease symptoms were observed. This Identification of a whitefly-transmission determinant. The DNA-A clone of WmCSV from the Sudan was prepared from a sample that had been propagated by grafting for several months prior to DNA extraction. Despite the fact that the cloned viral DNA was fully infectious upon agroinoculation of watermelon, melon, and N. benthamiana, it was not transmissible by B. tabaci. In two independent experiments using 11 plants and a total of about 180 insects (16 per plant), the virions derived from cloned WmCSV DNA-A from the Sudan (WmCSV AV1-131D) turned out to be nontransmissible. A second set of three independent experiments using a total of 23 plants (15 insects per plant) inoculated by WmCSV AV1-131D and 11 plants inoculated by the engineered variant WmCSV AV1-D131N, employing a total of 345 and 165 insects, respectively, confirmed the transmissibility of WmCSV AV1-D131N. Seven plants out of eleven inoculated with WmCSV AV1-D131N developed disease, whereas all 23 plants assayed for transmissibility of WmCSV AV1-131D remained healthy. Hence, the alteration of capsid protein aspartate 131 into asparagine (D131N), an amino acid conserved at this position in all whitefly-transmitted geminiviruses, restored transmissibility of WmCSV.
Asparagine 131 is preceded by glutamine, of which the change into proline rendered TYLCV-Sar nontransmissible (36) . Since N131 is part of a potential N-linked glycosylation site (NXS/T), it was tempting to speculate that capsid glycosylation might be required for successful whitefly transmission. However, no data on glycosylation of the capsid protein at N131 as a prerequisite for transmission are currently available. Curiously, mutations within this part of the genome appear to be frequent (36) . Sequencing the capsid gene of another independent clone of WmCSV-Sd, derived directly from field-infected plants, revealed an asparagine codon at position 131 of the capsid gene, the sequence of the transmissible virus. Whether the nontransmissible WmCSV variant represented a rare or a more frequent member of the natural virus population or whether a relative accumulation of that particular mutant virus had been favored by its graft propagation prior to cloning cannot be determined because of the limited sample size analyzed.
A comparable result was reported for a transmissible isolate of ACMV (ACMV-NOg), in which repeated mechanical inoculation to N. benthamiana had led to the loss of whitefly transmissibility after 20 to 25 passages, while, when using the cloned ACMV-NOg genome for propagation, 40 passages did not alter its insect transmissibility. Therefore, the ACMV-NOg field isolates were probably mixtures of insect-transmissible and -nontransmissible variants of the same virus (31) .
Apart from the whitefly-transmission determinant described here and the one described by Noris et al. (36) , five other amino acids in the N-terminal region of the capsid protein of AbMV were also reported as being potentially involved in transmission (55) . However, no data are available on the respective individual importance of these amino acids for transmission.
Recently, the implication of a GroEL homologue from Buchnera sp. in the transmission by Bemisia spp. of TYLCV has been described (32) . Hence, studying the interaction of geminivirus capsid with endosymbiont-and insect-encoded proteins may shed further light on the transmission process and could eventually provide a molecular rationale for a virus with an altered capsid being nontransmissible.
Given the wide distribution of watermelon chlorotic stunt viruses throughout the Near East and the endemic populations of B. tabaci in the Mediterranean Basin, particular attention should be given to this virus. Otherwise, it could invade cucurbit crops including melon in a similar way as the continuing devastation of tomato cultures by the Eastern Hemisphere tomato yellow leaf curl viruses within the Mediterranean Basin and their recent 'escape beyond' (47) .
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